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ABSTRACT

Accessing acoustic phonons at high frequencies in nanostructures becomes more and more essential in nanoelec-
tronics, nano- and opto-mechanics and quantum technologies, as phonons can strongly interact with electrons and
photons at the nanoscale. In spontaneous Brillouin scattering processes, the scattered photons energy, direction
and polarisation are constrained by selection rules for a given input state. These selection rules are usually con-
sidered as intrinsic material properties in crystalline solids and the polarisation of the scattered photons depends
on the polarisation of the excitation. In this work, we use elliptical optophononic micropillar resonators to control
these optical polarisation selection rules. The degeneracy of the optical cavity modes of circular micropillars is
lifted due to the elliptical cross-section of the micropillars, leading to two cavity modes orthogonally polarised
and split in energy. The optical field polarisation state will depend on both orthogonal cavity modes and their
associated polarisation states. Therefore, an incident laser beam linearly polarised along the diagonal axis of
the elliptical pillar undergoes a wavelength dependent polarisation rotation. By choosing the polarisation and
wavelength of the incident laser, we demonstrate that the polarisation state of the incident and reflected laser
and the Brillouin scattering signal are different. In this way, background-free spontaneous Brillouin scattering
spectra can be efficiently measured in a cross-polarisation scheme down to 18 GHz. Here, we theoretically and
experimentally explore the optimal conditions for the polarisation and wavelength of the incident laser, and the
ellipticity of the micropillars, to improve the polarisation-based filtering applied to Brillouin spectroscopy.
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1. INTRODUCTION

High-frequency acoustic phonons have received a lot of attention due to the emergence of cavity optomechanics
and promising applications in sensing, simulation, and quantum technologies.'* Brillouin spectroscopy mea-
suring schemes are developed to study confined acoustic phonons at ultrahigh frequencies in nanostructures.
Standard Brillouin spectroscopy schemes are generally optimized for a fixed phonon frequency®® and optical
wavelength and are not suitable for accessing variable high frequencies in the GHz range. Raman spectroscopy,
on the other hand, is not well adapted as the spectral shift between the laser and the signal would be too small.
New techniques are developed to overcome those challenges, exploiting for example the double optical resonance
of optical cavities,” ' or the diffraction pattern mismatch between the Brillouin scattering and the reflected
laser to spatially filter the signal.!' The concept we explore here is to use birefringent microstructures, such as
optical nano-antennas,'? '3 photonic crystal fibers'* 1% or elliptical micropillars,'% 7 to modify the polarisation
selection rules of the Brillouin scattering process.

In this work, we use elliptical micropillars cavities to control the polarisation of spontaneous Brillouin scatter-
ing. The anisotropy of the micropillar cross-section leads to two cavity eigenmodes with non-degenerate energies
and orthogonal linear polarisations.'® ' The micropillar birefringence induces a wavelength-dependent polarisa-
tion rotation of any input polarised light.?% 2! Therefore, the Brillouin scattering emission undergoes a different
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polarisation rotation than the incident excitation laser. We reported in our previous work®? the theoretical
and experimental demonstration of the manipulation of the Brillouin scattering polarisation with an excitation
laser polarised along the linear polarisation |D). We explore here, through numerical simulations, the optimal
excitation conditions in polarisation and energy, to reach a situation where the Brillouin signal and the reflected
excitation laser emerge from the micropillar with two orthogonal polarisation states. Such situation would enable
an efficient filtering of the excitation laser by implementing a cross-polarisation detection scheme.

2. CAVITY-INDUCED POLARISATION ROTATION

We study acousto-optical microcavities formed by two distributed Bragg reflectors (DBR) grown by molecular-
beam epitaxy on a GaAs substrate.??22 The top and bottom DBRs are formed by 25 and 29 periods of
Gag.gAlp.1As/ Gag psAlp.g95As bilayers, respectively. The two DBRs enclose a resonant spacer of optical length
A/2 at A ~ 900nm. From this planar acousto-optical cavity, elliptical micropillars are fabricated by electron-
beam lithography. Figure 1.a shows a SEM image of a single elliptical micropillar, with its major and minor
axes, m and n. The two cavity eigenmodes corresponds to the linear horizontal and vertical polarisation states,
|H) and |V), associated to two non-degenerate wavelength Acay g and Acay,v.

The response in polarisation of the cavity is characterised by the polarisation-dependent complex relfection

coefficients ry and ry:2*

1
TaH/V =1 — 2N0p H/V . v (1)
1 2'L(Win — Wcav )

Ka/V

These coefficients depend on wi, and weay, /v, the energy of the incident light on the cavity and the energy of the
cavity modes. In this formalism, we consider i = 1. They also depend on the output coupling efficiency through
the top DBR nop, 1r/v, defined as nyop, /v = Htop,H/v/FéH/v with Kiop 7/ the top DBR damping rate and s /v
the total cavity damping rate which includes leakage from the bottom and top DBRs, and the sidewall losses.
This set of parameters (Nop, 7r/v 5 K7y and Acay, H) can be experimentally retrieved from the measurement of the
optical reflectivity of the cavity. An input laser polarised along one of the cavity modes is sent to the micropillar,
and the reflected light is then measured as a function of the input laser wavelength Ajaeer. The reflectivty spectra
are finally fitted by taking the value of |7‘H/v|2 for each mode as shown in Figures 1.b, 1.c and 1.d for three
micropillars of different elliptical cross-section. For each micropillar, the reflectivity is experimentally measured
as a function of Ajaser and plotted as a function of Acay — Maser, With Acay = (Acav, 7 + Acav,v)/2. Each simulated
reflectivity is calculated with Eq. (1) and the corresponding cavity parameters, so that the simulation (line)
fits the experimental points (circle). We define as well the cavity splitting AX between the two modes, which
characterises the birefringence of the cavity.

We consider an input polarisation state corresponding to the polarisation |¢i,) of the excitation laser right
before the micropillar. This state is associated to the Jones vector Fi,:

bH
Ein X <bl‘?> 5 (2)

with bfz/ V the polarisation-dependent average values of the input external field operators.?® The laser reflected
by the cavity undergoes a wavelength-dependent polarisation rotation. Its polarisation states becomes then
[¥out), defined by the Jones vector Eoyy:

bH
Eout X <b'€/Ut) ) (3)

out

25

with bfu/t‘/ the polarisation-dependent average values of the output external field operators.

polarisation of [¢oy¢) is directly deduced from the reflexion coefficients 7y given in (1) as

The rotation

bH/V = TH/V . bg/v (4)

out
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Figure 1. a. SEM image of an elliptical micropillar with m and n the major and minor axis of the cross-section respectively.
b., ¢. and d. Experimental (circles) and simulated (lines) reflectivity spectra of three different micropillars cavity with
various ellipticities. For each micropillar, the reflectivities of both cavity modes, H- and V-polarised, are plotted. Their
respective cross-sections are drawn on the side.

3. BRILLOUIN SCATTERING POLARISATION ROTATION

The excitation laser generates Brillouin scattering in the cavity at energies w% and wgs, corresponding to
the Stokes and the anti-Stokes signals respectively. We consider here only the first harmonic at +18 GHz.
The polarisation amplitude of the intracavity Brillouin scattering is the same as the input laser, howewer its
polarisation state at the output of the cavity is rotated to the state |¢g)g JAS due to the polarisation rotation
induced by the cavity. This polarisation state corrresponds to the Jones vector Eg:

b ().

where bf is the average value of the Brillouin scattering operator defined as follow:

1 1 H/V
bl o : bl (6)
b - 2i(wp — wgév) {— 2i(win — wgév)
Ka/v Ka/v

The Brillouin scattering polarisation depends therefore on the input polarisation state, defined by the amplitude
bﬁ/ V, and on the cavity parameters as well. The first term in (6) describes the Brillouin scattering at the energy

wp, while the second term describes the incoming laser beam at wyy,.

We now numerically calculate the Jones vector E,, and Eg as a function of the input laser wavelength Ajager
for different values of Ej,. We note that the range of values of Ej;, are chosen to cover the whole Poincaré sphere.
For every input polarisation described by its vector Fji,, we then calulate the Stokes parameters associated to
FEout and Ep as a function of Ajage;. From those Stokes parameters, giving the coordinates of the polarisation
states in the Poincaré sphere, we deduce the angle 6 between the polarisation states |¢oy¢) and [¢B)g /As In the
Poincaré sphere. The angle 6 depends on the wavelength of the input laser Aj.ser and on the input polarisation
state |1,). Finally, the ideal condition for the reflected laser to be entirely filtered out is to have the two
polarisation states opposite to each other in the Poincaré sphere with an angle of § = 180°.

For a given input polarisation state |ti,) and a given input laser wavelength Ajaser, we find the maximal angle
Omax reached between [Yoy) and |¢¥B)g /AS for each micropillar. Such angle corresponds to an optimal filtering
condition where the two polarisation states are maximally separated, thus the laser can partially be filtered out.



The quality of the filtering depends on how much the states are separated from each other. In figure 2, |thous)
and |YB)p /Ag are plotted in the Poincaré sphere in the situation where the maximal angle 6, is reached for
the three different micropillars. The corresponding input polarisation state |i;,) is also plotted for each case.
The top line of Poincaré spheres corresponds to the comparison between the output polarisation states of the
reflected laser and the Stokes signal of the Brillouin scattering, while the bottom line compares the reflected
laser to the anti-Stokes signal. We note that for one given micropillar, with its ellipticity, the optimal filtering
condition (Ajaser, |%in)) are different for the Stokes and anti-Stokes signal.
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Figure 2. Comparison in the Poincaré sphere between the reflected laser polarisation state [Yout) and the Brillouin
scattering polarisation state |¢B)p /as for three micropillars with different ellipticities (a., b., and c.). Each sphere
corresponds to the optimal condition of |1)in) and Alaser giving the maximal angle Omax between |tout) and [¢B)g /AS" In
each situation, the corresponding |¢in) is also plotted in the Poincaré sphere.

For the first elliptical micropillar (Figure 2.a), the maximal angle reaches the values 6. = 105° and
949 = 104° for the Stokes and anti-Stokes signals respectively. Under these conditions, the polarisation state
of the reflected laser is not orthogonal to the Brillouin scattering polarisation states, and it cannot be entirely
filtered out. The maximal angle reaches 65, = 133° and 045 = 137° for the second micropillar (Figure 2.b),
and goes up to 05, = 025 = 141° for the third micropillar (Figure 2.c). For the explored range, the maximal

angle reached between the polarisation sates |¢out) and |¢p)g /AS increases with the ellipticity of the pillar.

4. DISCUSSION

The ellipticity of a micropillar determines the splitting A\ between the two cavity modes,?® which has an impact
on the possible rotation of the polarisation states. Indeed, the cavity-induced polarisation rotation depends on
the overlap in energy between the two optical cavity modes, which depends on the separation in energy of the
two modes, given by A\, and on the full width at half maximum of the cavity as well, defined by the total
cavity damping rate /. A small overlap between the two cavity modes implies a bigger polarisation rotation,
allowing |[Yout) and |¥B) g /as to reach higher values of 8. While a large overlap results to smaller cavity-induced
polarisation rotation and thus, smaller angles 6 are reached.

For a given micropillar, optimal conditions can be reached as |¢i,) and Ajager can experimentally be tuned.
However, the ellipticity of the micropillars has a great role in the polarisation rotation as a higher ellipticity
allows to reach higher values of # and thus achieve an efficient filtering of the laser. The shape of the micropillar
cross-section can be designed with the fabrication process, as well as the total cavity damping rate kv, which
also impacts the optimization of the filtering. The value of rp/y depends on the number of layers in the DBRs,



and is limited by the fabrication process. The discussion in this work remains limited, as the numerical simula-
tions takes only into account the polarisation rotation . Indeed, working with micropillar with high ellipticities
can experimentally be limited as the spatial mode matching between the micropillar and the incoming beam
would not be optimal, leading to a degraded coupling with the cavity. Under this condition, the Brillouin scatter-
ing is not efficient and of low intensity. Therefore, implementing this polarisation-based Brillouin spectroscopy
technique requires to work with elliptical micropillars allowing a mode matching efficient enough to collect the
photons from the Brillouin scattering and elliptical enough to separate their polarisation from the reflected laser.

We theoretically demonstrated in this work that the filtering of the Brillouin scattering can be achieved
by exploiting the polarisation rotation induced by acousto-optical cavities in elliptical micropillars. Optimal
conditions of filtering are reached for higher ellipticities. This technique is particularly relevant to study phonons
in the 1 GHz — 1 THz range.
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